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The homeobox gene Lox3 is expressed in a segmentally iterated pattern within the endoderm of the leech Helobdella.
We use that expression here to study endoderm differentiation following experimental ablations of mesoderm. Lox3
RNA was ®rst detected by in situ hybridization at the stage when a de®nitive cellular endoderm is formed from its
syncytial precursor and was never observed in derivatives of other germ layers. Expression is initially distributed
throughout the endoderm, but rapidly disappears from speci®c regions of the nascent gut wall so as to produce a pattern
of segmental stripes. The stripe pattern differs markedly between midgut organs, with thin stripes of Lox3 expression
in the intercaecal constrictions of the crop and wide stripes of Lox3 expression marking the caecal bulges of the
intestine. Lox3 expression in the rectum is not obviously segmental. Ablation of segmental mesoderm in the early
Helobdella embryo prevents the formation of de®nitive endoderm and the expression of Lox3 RNA and leads to
abnormalities in the morphogenesis of the gut tube. These endodermal de®cits are precisely coextensive with the zone
of mesodermal de®ciency, suggesting that the mesoderm normally acts to promote the formation of the endodermal
cell layer via local cell interactions. The segmental pattern of Lox3 expression is largely unaffected in portions of the
endoderm surrounding such de®cits, suggesting that endodermal segmentation is not established by lateral interactions
within that tissue layer. Rather, we propose that the segmental organization of the endoderm is imprinted by vertical
interactions with the segmental mesoderm. q 1997 Academic Press
INTRODUCTION derm patterns the anteroposterior (AP) axis of the endoderm
by secreting different signaling proteins at various locations
along its length (ImmergluÈ ck et al., 1990; Panganiban et al.,An important issue in embryonic morphogenesis is the
1990; Affolter et al., 1993).way in which cell layers from disparate parts of the embryo
In this paper we investigate the role of mesoderm-to-en-become apposed and undergo spatially coordinated patterns
doderm signaling during endoderm formation in an annelid,of differentiation. This sort of spatial coordination can arise
the glossiphoniid leech Helobdella triserialis. Both annelidseither by a stereotyped assembly of already patterned cell
and arthropods are segmented protostomes (Brusca andpopulations (Nardelli-Hae¯iger et al., 1994) or by inductive
Brusca, 1990) and are known to use some of the same molec-cell interactions between the two layers once apposition
ular pathways during the AP patterning of the ectodermalhas been accomplished (Jessell and Melton, 1992). An exam-
and mesodermal germ layers (Wedeen and Weisblat, 1991;ple of the latter mechanism is the patterning of midgut
Kourakis et al., 1997). Endodermal patterning may also uti-endoderm in the fruit¯y Drosophila. The endoderm and
lize similar developmental mechanisms in these two phy-visceral mesoderm of the ¯y embryo become apposed during
letic groups. For instance, ablation of segmental mesodermgastrulation, and subsequent to this apposition the meso-
in the oligochaete annelid Eisenia prevents the apposed en-
doderm from developing its normal pattern of AP regional-
ization (DevrieÁs, 1974), consistent with the sort of inductive1 To whom correspondence should be addressed. Fax: (512) 471-
9651. E-mail: hastypig@mail.utexas.edu. interactions reported in Drosophila.
202
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8735 / 6x30$$$301 10-22-97 07:20:00 dbas
203Role of Mesoderm in Endoderm Formation of Leech
In Helobdella, embryogenesis consists in large part of a al., 1990), and has subsequently been renamed in accor-
dance with the now widely used nomenclature for leechstereotyped cell lineage, with the D* macromere2 being the
sole progenitor of the segmented mesoderm and ectoderm, homeobox genes (Wysocka-Diller et al., 1995). The genomic
organization and expression of Lox3 have been previouslyand the bulk of the endoderm arising from the other three
macromeres2ÐA-, B-, and C-. These endodermal macro- studied in a distantly related leech species, Hirudo medici-
nalis, in which the gene is represented by a polymorphicmeres fuse during embryogenesis to form a syncytial midgut
primordium (Browning, 1995), andÐas originally proposed locus containing three nearly identical homeoboxes (Wy-
socka-Diller et al., 1995). The Hirudo Lox3 gene(s) is like-by Whitman (1878)Ðthe de®nitive cellular endoderm
arises several days later by cellularization of that syncytium wise expressed in the gut, although it is not known in which
germ layer(s) its expression occurs.at its interface with the visceral layer of mesoderm (Nar-
delli-Hae¯iger and Shankland, 1993). This de®nitive endo- To discover what if any role the visceral mesoderm plays
in the differentiation of the leech's endoderm, we here em-derm goes on to make the inner or luminal layer of the
mature gut wall and the visceral mesoderm, the outer or ploy dye-sensitized photolesioning to ablate speci®c regions
of the mesoderm in developing Helobdella embryos andcoelomic layer.
The differentiation of the leech's midgut is both regional- examine the fate of the endoderm in terms of both gut mor-
phogenesis and Lox3 gene expression. The results indicateized and segmentally periodic along the AP axis (Nardelli-
Hae¯iger and Shankland, 1993; Wysocka-Diller et al., 1995). that the local presence of mesoderm is essential for the
formation of a de®nitive endodermal cell layer.Regional differentiation is evident in the formation of three
discrete organsÐthe crop (or stomach), intestine, and rec-
tum. In addition, the crop and intestine develop a segmen-
tally iterated pattern of morphogenetic constrictions. In MATERIALS AND METHODS
Helobdella the homeobox gene Lox10 is expressed in trans-
verse stripes within the nascent endoderm, and the disposi- Animals
tion of these stripes predicts the future sites of constriction
H. triserialis embryos were obtained from a laboratory breeding(Nardelli-Hae¯iger and Shankland, 1993). The detailed sub-
colony fed on pond snails. The embryonic staging system and cellsegmental pattern of Lox10 expression differs between the
lineage nomenclature are described by Stent et al. (1992).crop and the intestinal segments, further emphasizing the
regionalization of the gut along the AP axis.
It is not known how the leech endoderm acquires these Plasmid Constructs
AP patterns, but by analogy with Drosophila one could en-
Subclones of the lHtr-A2 recombinant clone (Wedeen et al.,vision that much of the patterning information is provided
1990) were generated for this study (Fig. 1A). A homeobox-con-by the overlying mesoderm. In Helobdella, the cellular en-
taining 1.6-kb ApaLI/PstI restriction fragment of the clone wasdoderm does not form until relatively late in embryogene-
blunt-ended by short treatment with Klenow polymerase in thesis, by which time the mesoderm already exhibits an overt
absence of any deoxynuclotides (for 3*±5* exonuclease activity) fol-
pattern of morphological segmentation (Zackson, 1982). lowed by treatment with the same enzyme in the presence of all
Moreover, studies of another glossiphoniid leech, Theromy- four deoxynucleotides (to allow 5*±3* polymerase activity). The
zon, indicate that the mesodermal somites have intrinsic result was a blunt-ended fragment in which the PstI site had been
segment identities from an early stage (Gleizer and Stent, chewed back and the ApaLI site was ®lled out. This fragment was
subcloned into the SmaI site of Bluescript SK (/) plasmid (Stra-1993). The experimental accessibility of the glossiphoniid
tagene) to generate the subclone, pA2-1.6(AP)/S/SK. A 0.9-kb PstI±leeches makes them an excellent choice to study the devel-
ClaI fragment of this clone (in which the PstI site comes from theopmental interaction of these two germ layers, since meso-
Bluescript polylinker and the ClaI site comes from leech genomicdermal somites can be readily ablated (Torrence et al., 1989)
DNA) was subcloned into conjugate sites of a Bluescript SK (/)or transplanted along the AP axis (Gleizer and Stent, 1993).
vector, generating the subclone, pA2-0.9PC/SK. This subclone wasIn this paper, we describe another homeobox gene (Lox3)
sequenced by the dideoxy termination method (Sequenase kit; USA
that is also expressed segmentally within the Helobdella Biochemical) and found to contain coding and noncoding regions
endoderm and use it as a molecular marker to study endo- (Fig. 1B). The nucleotide sequence of the Lox3 open reading frame
dermal differentiation during normal development and fol- (ORF) reported in this paper has been deposited with GenBank
lowing experimental ablations of the mesoderm. This ho- under Accession No. Y09622.
meobox was previously described as ``Htr-A2'' (Wedeen et
In Situ Hybridization
2 Leech macromeres are designated with primes to indicate the
number of micromeres they have produced; i.e., the D* macromere Whole H. triserialis embryos were subjected to in situ hybridiza-
tion using digoxigenin-labeled RNA probes generated from Lox3has produced a single micromere, whereas the A- macromere has
produced three micromeres (Bissen and Weisblat, 1989). The micro- subclone pA2-0.9PC/SK using the mMessage mMachine kit (Am-
bion) without capping. Antisense probes were generated with T7meres generate the unsegmented head region and do not contribute
to the de®nitive body wall or midgut in the segmented trunk. RNA polymerase after linearizing the plasmid with PstI and include
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FIG. 1. (A) Restriction map of a 6.2-kb region oriented according to the putative 5*±3* direction of transcription within the homeobox.
Only restriction sites immediately ¯anking the homeobox are mapped; homeobox cross-hybridizing fragments were identi®ed using a
PCR-ampli®ed Htr-A2 homeobox as probe on Southern blots of digested lHtr-A2 DNA. Restriction enzymes that do not cleave between
the left BglII site and the right SspI site are NotI, PvuII, SalI, SmaI, XhoI, BamHI, HindIII, and HpaI. Horizontal lines beneath the restriction
map indicate subclones described in the text. The pA2-0.9PC/SK subclone was sequenced and used as a template for in situ hybridization
probes. The ®lled box represents the homeodomain and the open box, the ORF encoding the homeodomain. Abbreviations: A (ApaLI), B
(BglII), C (ClaI), E (EcoRI), P (PstI), S (SpeI), Ss (SspI). (B) The 916-nucleotide sequence of the pA2-0.9PC/SK subclone is shown with the
ORF in capital letters and deduced amino acid sequence underneath. In the region denoted by lowercase letters, stop codons are found in all
three reading frames. The homeobox/domain is bold and underlined. (C) Comparison of deduced amino acid sequence in the homeodomain
(horizontal line) and ¯anking sequence for members of the Xlox gene family. Residues identical to Lox3-Htr are marked by a dot. The
three H. medicinalis Lox3 genes (Lox3-Hme) are taken from Wysocka-Diller et al. (1995). The sequence of the murine pdx-1 homeodomain
is taken from Ohlsson et al. (1993); other reported vertebrate pdx-1 genes show identical amino acid sequence within the homeodomain.
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0.9 kb complementary to the Lox3 coding strand plus approxi- versity of California, Berkeley. LF11 recognizes an uncharacterized
epitope in leech chromatin (Nelson and Weisblat, 1992; D. K. Stu-mately 40 bases of Bluescript polylinker sequence. Full-length
probe was hydrolyzed into smaller fragments prior to use, and em- art, personal communication) and serves as a general nuclear coun-
terstain. Dissected guts were stained secondarily for 5 h with abryos were prepared, hybridized, rinsed, and stained as detailed in
Nardelli-Hae¯iger and Shankland (1992). Protease treatment was 1:200 dilution of rhodamine-conjugated donkey anti-mouse serum
(Jackson Immunoresearch). After rinsing, embryos were cleared30 min in length. Nucleic acid hybridization was detected with
an alkaline phosphatase-conjugated anti-digoxigenin FAB fragment with 80% glycerol in HBS with 4% n-propyl gallate added to retard
¯uorescent bleaching. Cleared midguts were mounted in thin-(Boeringer Mannheim) which was reacted with NBT and X-phos-
phate to yield a blue-black precipitate. Control experiments were walled glass capillary tubes (Mark-RoÈhrchen glaskappilaren;
Charles Supper Co., Natick, MA) and rotated about the long axisperformed as described in Nardelli-Hae¯iger and Shankland (1992).
under a glycerol-immersion objective (Zeiss Plan-Neo¯uar 251/
0.8). The distribution of ¯uorescein-labeled mesoderm and rhoda-
mine-labeled nuclei was visualized on the confocal microscope inLineage Tracing
optical sections.
To ascertain which germ layer expresses Lox3 RNA, the left M
teloblast (blastomere of origin for the entire left-side mesoderm)
was injected at embryonic stage 6±7 with a 50 mg/ml solution
of 10-kDa ¯uorescent dextran-amine lineage tracer. Fluorescein± RESULTS
dextran was obtained from Molecular Probes; rhodamine±dextran
was synthesized by the method of Stuart et al. (1990) using a succin- Molecular Analysis of Lox3-Htr
imidyl ester of tetramethylrhodamine (Molecular Probes). Injected
embryos were raised to stage 9±10, ®xed with 4% formaldehyde The previously described Htr-A2 homeobox of H. triseri-
(Polysciences; Ultrapure) in Hepes-buffered saline (HBS; pH 7.4), alis (Wedeen et al., 1990) encodes a homeodomain sequence
and processed for in situ hybridization. Stained embryos were em- closely resembling that encoded by the multiple Lox3 ho-
bedded in Polybed plastic medium (Polysciences) and cut into 0.1- meoboxes found in the distantly related leech Hirudo (Wy-
mm sections by hand using a razor blade. Sections were examined
socka-Diller et al., 1995). In keeping with the now widelyby ¯uorescence on a Bio-Rad 600 confocal microscope, and the
used nomenclature for leech homeoboxes, we herein desig-cellular distribution of the hybridization reaction product was char-
nate the H. triserialis gene containing this homeobox Lox3-acterized by Nomarski optics.
Htr, to be refered to simply as Lox3 except when species
distinctions are pertinent.
We here sequenced a 0.9-kb fragment of the Lox3 genomicPhotoablation
DNA (Fig. 1A). This fragment includes a 639-bp ORF that
Speci®ed portions of the mesoderm were ablated by dye-sensi- encodes the Lox3 homeodomain and is assumed to be a
tized photooxidation (Shankland, 1984) to investigate the in¯uence
portion of the complete Lox3 coding sequence. The ORFof this germ layer on the formation and gene expression of the
extends from the ApaLI site used in cloning to a down-endoderm. The left mesodermal progenitor (M teloblast) was in-
stream stop codon (Fig. 1B). The deduced amino acid se-jected with ¯uorescein-dextran early in embryonic stage 7, and its
quence is very similar to the Lox3 sequences from Hirudolabeled progeny cells were examined 2±3 days later in the living
embryo by low-light-level ¯uorescence. Photoablations were tar- within the homeodomain (92±93% identity) and immedi-
geted to a contiguous stretch of one to three ¯uorescently labeled ately ¯anking residues (Fig. 1C), but undergoes signi®cant
somitesÐi.e., segmental blast cell clones (Zackson, 1982)Ðlo- divergence 9 amino acids downstream.
cated near the point at which the right and left germinal bands The Lox3-Htr homeobox is 73±75% identical to the three
were fusing to form the germinal plate (Stent et al., 1992). The Hirudo Lox3 sequences at the nucleotide level, comparable
injected embryo was positioned in a pool of arti®cial pond water to the degree of similarity seen when comparing other ho-
beneath a Zeiss Plan-Neo¯uar 401/0.9 immersion objective, and
meoboxes between these two distantly related species ofthe targeted somites were exposed for 1±3 min to the output of a
leech (Nardelli-Hae¯iger and Shankland, 1992). In contrast,200-W mercury arc lamp through Zeiss ¯uorescein ®lter set at 48-
the three sequenced Hirudo Lox3 homeoboxes are 98%77-17. This exposure resulted in a visible bleaching of the ¯uores-
identical to one another at the nucleotide level, suggestingcein within the irradiated cells, and has been shown to cause no
detectable damage in irradiated cells that do not contain the ¯uo- that they are paralogous genes that arose by duplication
rescent tracer (Shankland, 1984). To determine the effect of meso- (Wysocka-Diller et al., 1995) much more recently than the
derm ablation on Lox3 expression, operated embryos were raised phyletic separation of the two leech species here being con-
to stage 9±10, ®xed, and processed for in situ hybridization. sidered.
To ascertain the effect of mesoderm ablation on endoderm for- The Lox3-Htr homeodomain shows 87% amino acid iden-
mation, operated embryos were ®xed at stage 10 with 4% formalde- tity (Fig. 1C) to the products of the vertebrate pdx-1 gene
hyde in HBS, and large portions of the body wall were dissected
(Of®eld et al., 1996). The pdx-1 gene was originally de-away to expose the midgut to antibody penetration. Dissected em-
scribed in Xenopus as XlHbox8 (Wright et al., 1988) andbryos were subjected to a 5 h incubation with 10% goat serum in
subsequently reported in a variety of mammals under vari-HBT (HBS / 0.3% Triton X-100), then incubated overnight with
ous names (IPF1, Ohlsson et al., 1993; STF-1, Leonard eta 1:100 dilution in HBT of ascites ¯uid containing mouse mono-
clonal antibody LF11, which was generated by Duncan Stuart, Uni- al., 1993; IDX-1, Miller et al., 1994) before being given a
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uni®ed designation. The vertebrate pdx-1 gene and leech nascent gut wall. This localized loss of RNA leaves an iter-
ated pattern of Lox3 hybridization (Fig. 2D) the spatial fre-Lox3 genes have together been de®ned as forming a discrete
quency of which is in register with the segmentation of``Xlox'' family of homeoboxes (BuÈ rglin, 1994).
the overlying mesoderm. At the same time Lox3 RNA also
begins to show a pronounced regionalization along the AP
Lox3 RNA Is Expressed in Developing Endoderm axis of the gut, foreshadowing the differentiation of the di-
gestive tract into discrete organs. This Lox3 staining patternThe expression of Lox3 RNA in Helobdella embryos was
widens in an isometric fashion as the germinal plate ex-examined by in situ hybridization with digoxigenin-labeled
pands, suggesting that the nascent endodermal cell layerriboprobes (Fig. 2). Prior to the appearance of a cellular endo-
established during early stage 9 also expands uniformlyderm at embryonic stage 9, in situ hybridization failed to
along the dorsoventral axis.reveal any Lox3 expression. Through the remainder of em-
AP regionalization is ®rst apparent near the end of stagebryonic development we observed intense Lox3 hybridiza-
9, as evidenced by a higher level of Lox3 RNA accumulationtion restricted to the interface between the midgut primor-
in the four midbody segments that will eventually containdium and the overlying germinal plate (Fig. 2C), i.e., the
the intestine (Fig. 2D). During stage 10 each intestinal hemi-location of the de®nitive cellular endoderm. As the diges-
segment develops a broad band of intense Lox3 expression,tive tract matures, Lox3 RNA becomes restricted to speci®c
and these bands are separated from one another by a narrowportions of the gut wall (Figs. 2D and 2E). We never observed
line of reduced expression. The bands of intense expressioncellular staining in the segmented mesoderm or ectoderm
bulge outward into the coelom to form the lateral caeca ofof the germinal plate (Fig. 2C), in the unsegmented prosto-
the mature intestine (Fig. 2E), while the intervening linesmium or foregut (cephalic domain), or in the transient extra-
of reduced expression correspond to the intercaecal con-embryonic tissues.
strictions (Fig. 2D; see also Fig. 4A). The intestine maintainsThe gut wall is composed of an outer layer of visceral
a high level of Lox3 expression through embryonic stage 11mesoderm that originates from the deep wall of the somite
(Fig. 2E), the latest stage that was examined.and an inner layer of endodermal cells that arise from the
The crop arises immediately anterior to the intestine, andmidgut syncytium (Nardelli-Hae¯iger and Shankland,
the six crop segments display a strikingly different pattern1993). To determine which layer of the gut wall expresses
of Lox3 regulation (Fig. 2D). By early stage 10, Lox3 RNALox3 RNA, we performed in situ hybridization on embryos
disappears from most of the crop endoderm. Within each ofin which the left-side mesoderm had been labeled with a
the six crop segments, expression becomes restricted to arhodamine-dextran lineage tracer by prior injection of its
transverse row of cells in the groove between adjacent caecaprogenitor, the left M teloblast. Teloblast injection gives
and two longitudinal cell rows, one situated at the dorsalintense and uniform labeling of the visceral mesoderm and
edge of the germinal plate and the other situated immedi-permits unambiguous visualization of the mesoderm:en-
ately lateral to the ventral midline (Fig. 2D), i.e., near thedoderm boundary (Nardelli-Hae¯iger and Shankland, 1993).
edge of the segmental ganglia. Staining was typically re-
Comparing the distribution of ¯uorescent dextran and hy- duced in the anteriormost crop segment, probably due to
bridization reaction product in double-labeled Helobdella the vestigial nature of the ®rst crop caecum (Shankland et
embryos indicates that Lox3 RNA is restricted to the endo- al., 1992). We never observed more than six crop caeca de-
dermal layer of the nascent gut wall (Fig. 3), suggesting that ®ned by Lox3 expression at any developmental stage.
endodermal expression accounts for all of the staining seen In contrast to the intestine, it is the zone of nonexpressing
by whole-mount in situ hybridization. cells that bulges outward to form a lateral caecum in the
crop segments and the transverse row of Lox3-expressing
cells that demarcates the site of intercaecal constrictionSegmental Patterning of Lox3 Expression
(Fig. 2E). The overall level of Lox3 expression in the crop
At stage 9, Lox3 hybridization was found in cells scattered fades dramatically over the course of embryonic stage 10
beneath the full width and nearly the entire length of the and is barely detectable by the end of embryonic life.
germinal plate (Figs. 2A±2C). Double-labeling with the The rectum forms posterior to the intestine, and its endo-
DNA stain Hoechst revealed that the Lox3 RNA is concen- dermal cell layer displays a down-regulated pattern of Lox3
trated around individual nuclei within the endodermal cell expression similar that seen in the crop (Figs. 2B and 2E).
layer (not shown), but it was not clear whether the nascent However, there was no obvious periodicity in the rectal
endodermal cells have yet lost cytoplasmic continuity with pattern of Lox3 expression. This latter ®nding contrasts
the underlying syncytium (Nardelli-Hae¯iger and Shank- with the segmentally patterned rectal expression of the ho-
land, 1993) by the onset of Lox3 transcription. Hybridiza- meobox gene Lox10, a homologue of the Drosophila gene
tion remained sparse near the ventral midline at all stages NK-2 (Nardelli-Hae¯iger and Shankland, 1993).
examined.
Anterior Boundary of Lox3 ExpressionAs the germinal plate expands dorsally to engulf the yolky
remnants of the midgut primordium during stages 9±10, The segmental location of the midgut changes as the
leech embryo matures, and we used the robust and segmen-Lox3 RNA disappears from certain speci®c regions of the
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8735 / 6x30$$$301 10-22-97 07:20:00 dbas
207Role of Mesoderm in Endoderm Formation of Leech
FIG. 2. Expression of Lox3 RNA in H. triserialis embryos revealed by in situ hybridization. (A) Stage 9 embryo in which Lox3 RNA is
expressed in endodermal cells scattered beneath nearly the entire germinal plate. At this stage, one can begin to see the ®rst evidence of
segmental patterning in the Lox3 expression pattern. The ventral surface of the embryo is shown with anterior toward the top and the
posterior end of the germinal plate curving around the yolk mass toward the bottom. The anterior boundary of Lox3 expression is visible,
with only a few disparate cells hybridizing in the anteriormost midbody segments (arrows). The anterior pole of the yolk mass is marked
by an arrowhead. (B) Same embryo rotated to show Lox3 expression beneath the posterior end of the germinal plate, which is marked by
an arrowhead. The more intense expression seen at the top is associated with the segments of the prospective intestine. (C) Tangential
view of a stage 9 embryo showing the germinal plate (gp) wrapped around the midgut primordium (mp). Lox3 hybridization is restricted
to the interface between these structures and is completely lacking in the germinal plate tissues (i.e., segmental mesoderm and ectoderm).
(D) By stage 10, a regionalized loss of Lox3 RNA has led to a segmentally organized pattern of expression, shown here in ventral view.
Lox3 RNA is more heavily expressed in the four segments of the intestine (in) than in the six segments of the crop (cr). The prospective
rectum is not visible due to the curvature of the embryo, but exhibits a nonsegmental staining pattern the intensity of which is comparable
to that crop. Within each crop hemisegment, Lox3 RNA has disappeared from a central zone that will eventually protrude laterally to
form a caecum (see E), while the transverse stripes of Lox3-expressing cells correspond to the future site of intercaecal constrictions. The
anterior pole of the yolk-®lled midgut primordium is marked with an arrowhead, and the faint, anteriormost stripe of hybridizing cells
is out of the plane of focus. (E) At the beginning of stage 11, Lox3 RNA is still heavily expressed in the four intestinal segments (in), but
has almost completely disappeared from the crop (cr) and rectum (re). Note the formation of lateral caeca on both crop and intestine. In
the crop, arrows mark the residual Lox3 expression in the nascent intercaecal constrictions. Bar, 150 mm in A, B, and D; 100 mm in C
and E.
tally organized pattern of Lox3 expression to examine this restricted to the posterior two-thirds of the midbody region
(Fig. 2E) and the initially external foregut becomes internal-process in more detail. The midgut primordium is initially
in contact with the full length of the germinal plate. But as ized into the anterior midbody segments (Nardelli-Hae¯iger
and Shankland, 1993).the spherical embryo elongates into a tubular juvenile worm
(embryonic stages 9±10), the head region of the germinal Following the onset of expression, the segmental distribu-
tion of Lox3 RNA remains largely the same throughout allplate pulls away from the midgut. One consequence of this
body elongation is that the differentiating midgut becomes stages examined. At stage 9 we observed a few hybridizing
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FIG. 3. Lox3 RNA is restricted to the endodermal layer of the developing gut wall. Paired images taken from a thick transverse section
of a stage 9 embryo in which Lox3 RNA was stained by in situ hybridization (A, seen with Nomarski optics) and the mesoderm labeled
with rhodamine-dextran (B, seen in confocal optical section). The midline is to the left, and the lateral edge of the germinal plate is to
the right. The ¯uorescently labeled mesoderm is separated into a somatic layer associated with the body wall (bw) and a visceral layer
(vm) lining the midgut primordium. The blue-black hybridization reaction product is found in a separate endodermal cell layer (en) situated
between the visceral mesoderm and the yolk platelets ®lling the gut lumen. Arrowheads mark the nuclei of three ¯uorescently labeled
mesodermal cells that do not show detectable Lox3 expression. Bar, 10 mm.
cells in the anteriormost segments, scattered beneath the series of experiments in which one or more mesodermal
somites were ablated early during the formation of the ger-lateral edges of the germinal plate (Fig. 2A). However, it
was only in more posterior segments that we observed large minal plate. To bring about these localized ablations, the
entire left-side mesoderm was labeled with ¯uorescein-dex-numbers of hybridizing cells extending across the full width
of the germinal plate (Fig. 2A). The scattered anterior cells tran by prior injection of its precursor blastomere (left M
teloblast), and a dye-sensitized photolesion was produced 2disappear as development proceeds, and by the beginning of
stage 10 the anterior boundary of Lox3 expression is sharply days later by irradiating two or three contiguous labeled
somites at the ¯uorescein excitation wavelength (Shank-de®ned at what will become the front end of the crop, i.e.,
the border of midbody ganglia 5 and 6. At this time the yolk land, 1984). This procedure leads to a small mesoderm-de-
®cient zone on one side of the germinal plate, but does notmass still extends farther anteriorly, but there is no Lox3
expression in that more anterior region (Fig. 2D). It is only alter the segmental organization of the mesoderm as a
during the latter part of stage 10 that the residual yolk mass whole (Torrence et al., 1989). Mesodermal lesions were gen-
departs from the anterior midbody region and moves poste- erated prior to the appearance of an obvious endodermal
riorly into the lumen of the crop. cell layer beneath the germinal plate and were targeted to
These observations suggest that there is an anterior por- the future midbody region of the nascent AP axis.
tion of the midgut primordium that does not contribute in The effect of these mesodermal photolesions on endo-
any obvious fashion to the formation of the crop and that derm development was assessed by performing in situ hy-
shows only a small amount of transient Lox3 expression. bridization with a Lox3 probe at embryonic stage 9 or 10,
Lox10 RNA is also transiently expressed in a small number i.e., 3±4 days after the operation. Eight of the 35 irradiated
endodermal cells located anterior to the AP domain of crop embryos had completely normal patterns of Lox3 expres-
formation (Nardelli-Hae¯iger and Shankland, 1993). This sion, but the other 27 displayed localized de®cits of Lox3
loss of gene expression may re¯ect a degeneration of endo- expression in the target region (Fig. 4A). De®cits were dis-
dermal cells in the more anterior segments of the midbody, crete and sharply bounded, and usually (n  26) consisted
or it could imply that endodermal cells located in this region of a two- to four-segment gap in the Lox3 expression pattern
cease to express these two homeobox genes as they differen- on the lesioned side. In the one remaining embryo, Lox3
tiate into more anterior gut organs. In Helobdella the crop RNA was completely missing from the posterior half of the
is connected to the feeding apparatus by a short esophagus, midgut on the lesioned side, and in this case examination
and it has not yet been established clearly whether the latter of the labeled mesoderm revealed that it also had developed
organ is derived from foregut, midgut, or both. abnormally throughout that same region. Lox3 expression
was entirely normalÐi.e., segmentally periodic and appro-
Ablation of Somites priately regionalizedÐon the contralateral side of the le-
sioned embryos and in segments immediately anterior andTo investigate what if any role the segmental mesoderm
plays in the development of the endoderm, we performed a posterior to the lesions (Fig. 4A). Thus, in most cases the
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of gut herniation, with yolk extruding from the midgut lu-
men into the coelomic cavity. Such herniations were espe-
cially pronounced for lesions of the crop, which swells dra-
matically during stage 10 when it receives an in¯ux of yolk
from both anterior and posterior portions of the alimentary
canal.
Four photolesioned embryos were stained with a nucleus-
speci®c monoclonal antibody (Nelson and Weisblat, 1992)
and examined in optical section to ascertain the cellular
organization of the endoderm in regions where mesoderm
had been ablated. We found that the endodermal layer of
the gut wall was precisely coextensive with the surviving
portion of the visceral mesoderm and was completely lack-
FIG. 4. Expression of Lox3 RNA following mesoderm ablation as
revealed by in situ hybridization. Embryos are viewed ventrally
and oriented with anterior toward the top. (A) In this embryo, a
contiguous stretch of roughly three mesodermal somites was ab-
lated at stage 8 by dye-sensitized photooxidation. At stage 10, the
embryo has failed to express detectable Lox3 RNA in a region of
the intestine that corresponds to the site of mesodermal de®cit
(brackets). The posteriormost segment of the crop (cr) is labeled on
both sides, and the anteriormost segment of the intestine (int) is
labeled on the unlesioned side. Note the normal pattern of Lox3
RNA in segments anterior and posterior to the lesion and on the
unlesioned contralateral side of the embryo. (B) The left mesoder-
mal teloblast was ablated at stage 6 in this specimen, resulting in
a complete absence of mesodermal tissues on the embryo's left
(viewer's right) side at stage 9. Lox3 RNA is completely missing
from the mesoderm-de®cient side and is expressed on the unle-
sioned side of the embryo in a narrow, segmentally organized pat-
tern. Bars, 50 mm.
photolesioning of a small number of contiguous somites
prevented the expression of Lox3 RNA by the underlying
endoderm in a localized manner.
In many of the experimental embryos, residual ¯uores-
cein-dextran lineage tracer permitted us to ascertain how
much mesodermal disruption was induced by the photole-
sion. The few experimental embryos with normal Lox3 ex-
pression also showed a normal pattern of ¯uorescein-la-
beled musculature and nephridia, indicating that the photo- FIG. 5. Localized ablation of the mesoderm produces a precisely
ablation had failed. On the other hand, most of the embryos corresponding de®cit in the cellular endoderm. Parasagittal optical
that displayed gaps in Lox3 expression also showed an obvi- section of a stage 10 embryo in which the mesoderm had been
ous mesodermal disruption. In 10 such embryos the ¯uo- previously labeled with ¯uorescein±dextran and two adjacent so-
mites photolesioned prior to endoderm formation. After ®xation,rescein-dextran labeling was suf®ciently bright for detailed
nuclei were counterstained with monoclonal antibody LF11 usinganalysis, and the mesoderm overlying the gap either was
indirect rhodamine immuno¯uorescence. Panels show confocalmissing (n  3) or was present but had failed to differentiate
microscope images of ¯uorescein (A) and rhodamine (B) ¯uores-into segmentally organized musculature (n  7).
cence. In segments to the right (posterior), the gut wall has devel-The successfully lesioned embryos also displayed gross
oped normally and is composed of an outer layer of visceral meso-abnormalities in midgut morphogenesis, the ®rst sign of
derm (red nuclei and yellow-green cytoplasm) and an inner layer of
which was the appearance of a concave depression in the cellular endoderm (red nuclei without cytoplasmic staining). Both
midgut primordium. The limits of this depression corre- germ layers halt abruptly (arrowhead) at the edge of the mesodermal
sponded closely to the zone of mesodermal de®cit or abnor- lesion, which is marked by a concave depression (asterisk) in the
mality (Fig. 5). When such embryos were raised to later contour of the yolk mass. The yolk also appears red due to back-
ground ¯uorescence. Bar is 20 mm.stages, the zone of mesodermal de®cit often became a site
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ing from the zone of mesoderm ablation (Fig. 5). Thus, the a localized manner, suggesting that mesoderm is a source
of short-range signals that are necessary for the normal de-mesoderm-de®cient hemisegments lack a gut wall, which
accounts for the herniation of gut contents at later stages. velopment of the closely apposed endodermal cell layer.
These ®ndings suggest that mesoderm is required for the
initial formation and/or subsequent survival of the de®ni-
Conserved Role of Xlox Gene Family in Guttive endodermal cell layer. Moreover, the precisely coexten-
Developmentsive nature of the de®cits in these two germ layers implies
that the mesoderm exerts its in¯uence on the endoderm Sequence analysis reveals that Lox3 is a member of the
Xlox family of homeobox genes as de®ned by BuÈ rglin (1994).via short-range or contact-mediated signals.
The other known member of this family is a vertebrate
gene, pdx-1 (Of®eld et al., 1996), which is expressed in the
Hemilateral Ablation of Mesoderm pancreas and duodenum of frogs (Wright et al., 1988), ro-
dents (Ohlsson et al., 1993; Miller et al., 1994), and humansIn the course of these experiments we also generated
some embryos in which the injected M teloblast ceased (Leonard et al., 1993). The pdx-1 gene is necessary for nor-
mal morphogenesis and differentiation of these endodermaldividing normally, resulting in an absence of mesoderm on
the left side of the germinal plate over a zone many seg- organs (Jonsson et al., 1994; Of®eld et al., 1996), and its
protein product has also been shown to function as a tran-ments in length. Previous studies have shown that the ger-
minal plate will continue to develop with mesoderm on scriptional activator for cell-type-speci®c terminal differen-
tiation products such as insulin (Ohlsson et al., 1993) andonly one side, and that none of the other cell lineages regu-
late to replace the missing mesodermal derivatives (Blair, somatostatin (Leonard et al., 1993; Miller et al., 1994). The
phylogenetic distance between vertebrates and leeches is so1982).
Three such embryos were successfully raised to stage 9 great that one cannot assume any direct homology in the
way the Xlox genes are utilized, but the embryonic expres-and subjected to in situ hybridization with the Lox3 probe.
On the unoperated right side these hemilaterally lesioned sion pattern of Lox3 in leeches is clearly also suggestive of
an early role in gut development. Indeed, the fact that Xloxembryos manifested many normal features of Lox3 expres-
sion. Lox3 RNA was evident beneath most of the length of gene expression is completely restricted to endoderm in
both a protostome (leech) and a deuterostome (vertebrate)the germinal plate, and the pattern of expression was clearly
segmental (Fig. 4B). In one embryo the level of Lox3 expres- would seem to indicate an ancient role in the gut develop-
ment of bilaterian animals, similar in principle to the con-sion was more intense in a domain of four segments corre-
sponding to the normal location of the intestine. However, served role of the Hox gene family in patterning the ectoder-
mal and mesodermal germ layers of those same animalsdevelopment of the unoperated side was not entirely nor-
mal, as neither the germinal plate nor the endodermÐas (McGinnis and Krumlauf, 1992).
The Lox3 gene has also been characterized from the leechjudged by the Lox3 expression patternÐhad undergone the
dorsal expansion normally seen at this age. H. medicinalis, in which it is represented by a polymorphic
cluster of three homeoboxes spaced within 5 kb of genomicOn the mesoderm-de®cient left side of the lesioned em-
bryos, the midgut primordium had completely separated DNA (Wysocka-Diller et al., 1995). It is not known whether
these Hirudo homeoboxes represent separate transcriptionfrom the ectoderm and collapsed inwardÐreminiscent of
the concavities seen with more restricted ablationsÐand units or alternate exons of a single gene. In either case, the
extremely high degree of nucleotide identity between thethere was no detectable expression of Lox3 RNA (Fig. 4B).
Thus, complete hemilateral ablation of the mesoderm Lox3 homeoboxes of Hirudo suggests that they are paralo-
gous sequences arising from an evolutionarily recent se-causes severe hemilateral abnormalities in gut morphogene-
sis and gene expression, similar in character to the localized quence duplication(s). It seems clear from sequence analysis
that the Lox3 duplications seen in Hirudo occurred afterabnormalities observed with somite ablations.
the phyletic separation of hirudinid and glossiphoniid
leeches, but we have not yet explicitly ruled out the possi-
bility that Helobdella might also have more than one Lox3DISCUSSION
homeobox.
The homeobox gene Lox3 is expressed in the endodermal
cell layer of the Helobdella embryo in a pattern that is
Spatial Patterning of Lox3 Expressionsegmentally periodic and regionalized along the AP axis.
The periodicity of Lox3 expression correlates with the loca- At the onset of expression Lox3 RNA appears to be a
generalized marker of cellular endoderm, but its widespreadtion of intersegmental constrictions between midgut caeca,
and the differences between segments presage the subdivi- early expression is soon replaced by an intricate pattern that
is both segmentally periodic and regionalized along the APsion of the midgut into its three constituent organs. Abla-
tion of the segmental mesoderm interferes with endoderm axis. The disappearance of Lox3 RNA from certain parts of
the nascent gut wall very likely re¯ects a developmentalformation, Lox3 expression, and gut tube morphogenesis in
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change in gene regulation on the part of endodermal cells
located at those positions. However, we cannot exclude the
possibility that loss of expression within certain parts of
the continually expanding endodermal cell layer might also
occur in part by cell sorting or by a delayed insertion of
additional, nonexpressing endodermal cells from the under-
lying midgut syncytium.
It is the secondary loss of Lox3 RNA that generates the
segmental periodicity of gene expression in the crop and
intestine. In the six crop segments, Lox3 RNA disappears
speci®cally from those regions of the gut wall that will
bulge outward during later stages to form the segmental
caeca, while cells situated along the grooves between caeca
continue to express high levels of Lox3 RNA for at least 2
more days thereafter. In contrast, the intestine shows an
essentially inverted pattern of Lox3 regulation, with Lox3
RNA becoming less prevalent in the intercaecal constric- FIG. 6. Formation of the cellular endoderm is dependent upon
tions while remaining abundant in the caecal bulges. The short-range interactions with the overlying visceral mesoderm. (A)
fact that Lox3 RNA is associated with intercaecal grooves During normal development, a layer of mononucleate endoderm
in the crop and with caecal bulges in the intestine makes cells (en) arises from the multinucleate midgut syncytium (gray)
it seem unlikely that this gene's expression leads in any where it is in contact with visceral mesoderm (vm). Endodermal
nuclei are here shown entering nascent endodermal cells that aresimple or direct fashion to the morphogenetic cell behaviors
actively budding off from the syncytium. (B) In the absence of meso-that underlie caecum formation. On the other hand, this
derm, the endodermal cell layer fails to form in a region correspond-dissimilar pattern of Lox3 gene products may serve a modu-
ing precisely to the mesodermal de®cit, and the midgut syncytiumlatory function thatÐin conjunction with other regulatory
develops a concave depression. The fate of the endodermal nucleigenesÐcontributes to the differentiation of crop and intes-
that would normally have cellularized that region is unknown.
tine as morphologically and functionally discrete organs.
Another homeobox gene, Lox10, has also been shown to
have a segmentally organized expression within the endo-
derm of the Helobdella midgut (Nardelli-Hae¯iger and
intestinal segments of Hirudo also show broad bands of
Shankland, 1993). Lox10 differs from Lox3 in that it does
Lox3 expression, although their hybridization level is rela-
not appear to have an initial phase of uniform expression,
tively faint compared to the transverse stripes in the crop
and its RNA is restricted in all organs at all stages to sites
(see Fig. 5B in Wysocka-Diller et al., 1995).
of intercaecal constriction. We have not yet examined the
distribution of Lox3 and Lox10 gene products in double-
stained preparations, but comparison of the individual Mesoderm Is Required for Formation of the
staining patterns suggests that there may be a degree of De®nitive Endoderm
mutual exclusivity. For instance, Lox10 is expressed in the
intestine speci®cally along the intercaecal constrictions, a Our results indicate that segmental mesoderm plays a
necessary role in the development of the de®nitive cellularsite at which Lox3 accumulation is clearly reduced. And in
the crop segments, the appearance of Lox10 RNA in the endoderm of the Helobdella embryo. Experimentally gener-
ated gaps in the mesoderm lead to precisely correspondingintercaecal grooves is delayed (relative to the intestine) until
late stage 10, a time when the level of Lox3 RNA within de®cits in the de®nitive endoderm, suggesting that the
mesoderm provides cues necessary for the formation or sur-those grooves is in decline. These seemingly coordinated
changes in gene regulation could re¯ect parallel responses vival of this cell layer, and that these cues only act over a
short distance. The mature gut wall fails to form in theof the endodermal cells to position-speci®c extrinsic sig-
nals, but might also be explained if there were a direct inhib- local absence of mesoderm, leaving the syncytial yolk mass
of the midgut primordium exposed to the coelomic cavityitory interaction between the Lox3 and the Lox10 genes
within the cells that express them. (Fig. 5A). Given its proximity to the endoderm, it is the
visceral layer of mesoderm that would seem the most likelyThe overall pattern of Lox3 expression in the Hirudo mid-
gut (Wysocka-Diller et al., 1995) is in many respects similar source of the inductive cues, although this point was not
speci®cally addressed in the experiments described here.to that described here for Helobdella. The most prominent
expression is in transverse stripes that demarcate the con- The observed de®cits in endodermal development could
re¯ect a disruption in one or more cellular events that leadstrictions between crop caeca, although it has not been ex-
plicitly shown whether Lox3 expression in Hirudo is endo- to the formation or maintenance of the endodermal germ
layer (Fig. 6). In the leech, cellular endoderm arises latedermal, mesodermal, or both. As with Helobdella, the four
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in embryogenesis by the cellularization of a multinucleate Mesoderm±Endoderm Interactions in Other Phyla
syncytium (Whitman, 1878; Nardelli-Hae¯iger and Shank- Inductive interactions between mesoderm and endoderm
land, 1993). We here photolesioned somites prior to the have been reported in diverse animal species. In vertebrates,
stage when the de®nitive endodermal cell layer ®rst be- differentiation of the endodermal epithelium is speci®ed by
comes apparent. One could imagine that the mesoderm- interactions with the associated mesenchyme (Haffen et al.,
derived signals might be necessary for the accumulation 1983; Kedinger et al., 1986), but the endodermal primordia
of syncytial nuclei beneath the germinal plate or for the are also believed to be a source for cues that bring about
``budding'' of syncytial nuclei to form mononucleate endo- mesoderm differentiation (Kedinger et al., 1986), regional-
dermal cells (Fig. 6). We must also entertain the possibility ization (Roberts et al., 1995), and heart induction (Nascone
that cellular endoderm was actually formed in these experi- and Mercola, 1995). Bidirectional signaling also occurs in
the Drosophila embryo, in which the visceral mesodermments, but disappeared rapidly from the mesoderm-de®-
patterns gene expression in the midgut endoderm (Immer-cient portions of the gut wall. However, the absence of cel-
gluÈ ck et al., 1990; Panganiban et al., 1990; Affolter et al.,lular debris or obvious phagocytes in the mesoderm-de®-
1993) by means of the growth factor decapentaplegic (dpp),cient regions argues against secondary degeneration and
and the foregut endoderm regulates dpp expression in thesuggests that cellular endoderm was probably never formed
visceral mesoderm by means of the hedgehog signalingat those sites.
pathway (Pancratz and Hoch, 1995).Given that the absence of mesoderm prevents the forma-
The interactions of mesoderm and endoderm in the leechtion of a persistent endodermal cell layer, the experiments
embryo differ in two signi®cant regards from those de-described in this paper do not allow us to assess whether
scribed in other systems. First, the leech endoderm requiresmesoderm actually patterns Lox3 expression once the endo-
apposed mesoderm for the initial formation of the endoder-derm has formed. Our observation that the segmental peri-
mal epithelium, whereas the role of mesoderm in otherodicity and regionality of Lox3 expression are essentially
systems has been described as promoting or selecting be-normal in segments surrounding an endodermal de®cit sug-
tween alternative pathways of endodermal cytodifferentia-gests that segmental patterning is not primarily dependent
tion. Even in another annelid, the oligochaete Eisenia, abla-upon lateral signals transmitted within the plane of the
tion of the mesoderm allows the associated endoderm toendoderm. It would seem more likely that the Lox3 expres-
form the gut lining and merely prevents the endoderm fromsion pattern is due to ``vertical'' signals of mesodermal ori-
differentiating into region-speci®c gut specializations (Dev-gin or else re¯ects a prepattern intrinsic to the endoderm
rieÁs, 1974). In glossiphoniid leeches such as Helobdella, theat the time of its formation.
endoderm cellularizes beneath a layer of mesoderm that has
already undergone extensive cell proliferation and morpho-
genesis (Zackson, 1982), and given this temporal disparity
Interactions between Germ Layers it is not altogether surprising that these animals have
evolved a mechanism of endoderm formation that has a
It is interesting to compare and contrast the interactions greater dependence on mesoderm-derived cues.
of the leech mesoderm with each of its two apposed germ The leech's endoderm is also distinguished from that of
layers. In both Helobdella and another glossiphoniid leech, either vertebrates or insects in that it manifests an overtly
Theromyzon rude, it has been shown that ablation of the segmental pattern of molecular differentiation (Nardelli-
mesoderm severely disrupts patterns of neuroblast migra- Hae¯iger and Shankland, 1993; also, see Fig. 2). In Drosoph-
tion, ganglion formation, and axonal path®nding (Blair, ila, the signals that regionalize the endoderm have a seg-
1982; Torrence et al., 1989; Torrence, 1991). Thus, meso- mentally organized derivation from the visceral mesoderm,
derm provides ectoderm with an obligatory guidance sub- but the endoderm itself is not known to exhibit any sort of
strate for a variety of organized cell movements. But despite overt segmental periodicity. Lox3 is a member of a gene
these morphogenetic abnormalities, ectoderm that has been family for which no representative has yet been identi®ed
deprived of mesoderm undergoes segmentally iterated and in Drosophila. But the leech's Lox10 gene also shows a
lineage-speci®c patterns of cell division (Zackson, 1984), segmentally striped pattern of endodermal expression (Nar-
and ectodermal derivatives undergo terminal differentiation delli-Hae¯iger and Shankland, 1993), and its Drosophila or-
to form uniquely identi®able neuronal phenotypes resem- thologue (NK-2) has no reported periodicity of midgut ex-
bling those seen in normal embryos (Torrence et al., 1989; pression (Nirenberg et al., 1995). Thus, the endoderm of the
leech has acquired a degree of segmental organization notMartindale and Shankland, 1990). Only one ectodermal de-
evident in many other animals, possibly by altering therivativeÐthe distal tubule cell of the nephridiumÐhas
spatial deployment of the molecular pathways used inbeen shown to explicitly require mesoderm for its contin-
mesoderm±endoderm interaction.ued survival (Martindale and Shankland, 1988).
Thus, the ectoderm and endoderm of the leech embryo
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